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 The nanocrystal layers were

introduced on the surface of Ti-6Al4V and TMC by SP.
 The nanograin layers were influenced
by the shape and distribution of
reinforcements.
 Smaller nanograins near interfaces
were formed via the severe
deformation of matrix.
 The deformation of TiC was more
severe than TiB because of the
different shapes.
 The improved CRS and hardness on
surface were due to the nanocrystal
layer by SP.
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a b s t r a c t
Shot peening (SP) was employed to modify the surface microstructure and mechanical properties of (TiB
+TiC)/Ti-6Al-4V titanium matrix composite (TMC). And the microstructure evolution and mechanical
properties were characterized and analyzed in detail. Transmission electron microscopy (TEM) results
illustrated that the surface nanograins were introduced by the effect of SP and the hindering of reinforcements to the matrix deformation. The nanograins were formed near the reinforcement/matrix interface
because the matrix was squeezed by both the shots and the reinforcements. Moreover, with increasing
the volume fraction of reinforcements, the smaller nanograins were introduced near the interfaces due
to the severe deformation between the matrix and reinforcements, which were caused by the decrease
in average distance between two reinforcements. Under the same intensity of SP, the deformation of
TiC was more severe than that of TiB, and more dislocations were introduced around TiC. The results were
influenced by both the different shapes and distribution of reinforcements, and the impact direction of
shots. After SP, the compressive residual stress (CRS) and the hardness in the peened surface layer were
improved, which was due to the surface deformation, nanograins and high dislocation density in the
nanocrystal layer.
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4Mo-4Cr-2Zr-2Sn) was treated by the LSP, a high-level CRS
(596 MPa) and microstructure refinement were induced, and
the average area of a phase decreased from 1.88 lm2 to
0.73 lm2, and much lower angle grain boundaries were generated
[38]. Applying the rotationally accelerated SP on Ti-10V-2Fe-3Al
alloys, the novel deformation twinning systems of {1 1 2}a00 and
{1 3 0} h3 1 0ia00 in the kinked a00 martensite were revealed, and
the stress-induced martensitic transformation, twinned a00
martensite and the grain refinement contributed to hardness and
work hardening ability [39].
Meanwhile, SP can improve the mechanical properties of Ti
alloys with the modification of surface microstructure. SP could
effectively improve the fatigue performance of Ti-6Al-4V, the short
crack propagation rate of SP specimen decreased by 34%–60%, the
occurrence time of visible crack was delayed by 64.3%, and the fatigue life was increased by 34.2% [40]. An in-situ SP was introduced
into cold spray to prepare dense Ti-6Al-4V coatings, the porosities
of coatings were declined and the Vickers hardness of coatings
increased from 240 HV to 427 HV [41]. The ultrasonic SP could
effectively improve the corrosion resistance of the SLM Ti-6Al-4V
[42]. The yield strength and the ultimate tensile strength of TC17
alloy processed by high energy SP were increased by 10.1% and
13.9%, respectively [43]. The TC17 blades were processed by
milling-polishing (MP) and milling-polishing-SP-vibration polishing (MPSV), and the fatigue lives of the MPSV-processed blades
were increased by approximately 119.5% compared with the MPprocessed blades [44]. Usually, the severe SP or high energy SP
could affect the microstructure obviously and introduce the surface nanocrystal layer, which are different to the conventional SP
[45,46], so the concept of SP in this work means the high energy
SP and the discussion will focus on the high energy SP. Due to
the CRS and the refined grains, SP can greatly improve the fatigue
strength, stress corrosion resistance and surface hardness [47,48].
Therefore, the advantages of SP can be adopted and utilized on
TMCs to modify the surface properties.
SP has not been widely used in TMCs, some researches have
been carried out on the distribution of residual stress in shot peened TMCs by means of X-ray diffraction (XRD) [31,32,49]. The CRS
were induced on the surface layer, and the influence of reinforcements on CRS was obvious [32]. The effect of stress peening on surface characteristics was studied and it showed that the external
loading on specimen before SP could improve the CRS and the
thickness of deformation layer [31]. Besides, the results of numerical analysis showed that the CRS were introduced in the matrix,
but the tensile residual stress generated in the reinforcements
[49]. The surface microstructure of (TiC + TiB)/Ti-6Al-4V after SP
was studied and analyzed by XRD, and the effects of SP intensities
and reinforcements on the microstructure of surface were discussed [50–53]. Above investigations indicate that the influences
of SP on CRS and surface microstructure are mainly manifested
on the refinement of grains, the microstrain and the improvement
of dislocation density. Note that, the surface deformation layer of
shot peened TMCs were mainly characterized via utilizing XRD
indirectly. There is little direct observation and characterization
on the microstructure of deformation layer by electron
microscopy.
As such, in this work, the surface microstructure of (TiB + TiC)/
Ti–6Al–4V after SP, especially the nanograins, dislocation, lattice
distortion, and so on, was characterized and analyzed by transmission electron microscopy (TEM), and the related mechanisms and
mechanical properties were discussed, which are expected to provide the theoretical and experimental support for optimizing the
SP parameters on TMCs.

1. Introduction
Titanium matrix composites (TMCs) have broad application prospects in the high-technology fields due to the larger modulus, the
higher specific strength and the excellent performance at high temperature compared to titanium alloys [1–9]. TMCs have been manufactured to some important engine parts [10]. However, because
of the different morphology of reinforcements, and the different
physical and mechanical properties between reinforcements and
matrix, the structural and thermodynamic mismatches between
reinforcements and matrix are formed in the particle reinforced
TMCs, which is apt to form the interface defects and stress concentration. The interface defects and stress concentration are easy to
induce crack initiation and accelerate crack propagation, thereby
limiting the fatigue properties of TMCs [11,12]. Therefore, it is great
significance to manipulate the microstructure and mechanical
properties to improve the fatigue performance of TMCs.
With respect to titanium alloys, some surface mechanical treatments were adopted to inhibit the initiation and growth of cracks
on surface [13–15], such as the laser shocking peening (LSP) [16],
the friction stir processing (FSP) [17,18] and the surface coatings
[19]. The surface treatments of LSP and FSP would result in the
large deformation and the phase transition in the surface layer,
which are not appropriate for the treatment on TMCs because of
the existence of reinforcements. The large deformation could cause
the cracking and fracture of reinforcements, which would deteriorate the fatigue properties of TMCs. About the methods of surface
coatings, it is difficult to guarantee the stability of interface
between coatings and TMCs, especially the interfaces between
coatings and reinforcemnets, since three or four phases exist in
TMCs. Consequently, other surface treatment methods should be
considered and adopted according to the special microstructure
of TMCs.
As one of the most important and useful surface treatments,
shot peening (SP) is widely utilized in industry [20–28] to improve
surface properties of metallic components by inducing work hardening and compressive residual stress (CRS). During SP, a large
number of high-hardness shots impact the surface of material,
forming a plastic and elastic deformation layer on the surface. At
the same time, the CRS and microstrain are introduced in the surface layer, and the surface grains are refined [29–32]. The effect of
SP on Ti alloys have been done by many researchers. SP can modify
the surface microstructure of Ti alloys. The CRS was introduced to a
depth of 208 mm in the surface of shot peened Ti-6Al-4 V, and the
maximum CRS increased from 130.6 MPa to 887 MPa, and the
severe plastic deformation led to the large a-Ti grains and b-Ti
strips to be refined into small grains with size of less than 1 mm
[33]. The surface gradient nanocrystalline structure was obtained
on TA17 alloy (Ti-4Al-2V) after SP, the grains were refined from
22 to 26 nm when shot peened at 0.6 MPa for 5 to 10 min, and
the thickness of plastic deformation layer increased from 55 to
88 lm [34]. Nanostructure of 17 to 25 nm was developed in surface region of ultrasonic shot peened Ti-6Al-4V, up to the depth
of 30 lm, and the nanostructured surface reduced the corrosion
rate [35]. The laser peening and conventional SP deeply influenced
the residual stress of selective laser melting (SLM) Ti-6Al-4V,
whereas the laser peening showed much deeper stresses (up to
2.3 mm) compared to conventional SP (~ 443 lm) [36]. The influence of severe double SP on the microstructure of Ti-6Al-4V and
titanium dissimilar joints were investigated, and the depths of
peening pre-weldment and post peening weldment weldments
were 8 mm and 10 mm respectively [37]. The composite layer
including TA15 (Ti-6.5Al-2Zr-1.5Mo-1.5 V) and TC17 (Ti-5Al-
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2. Experimental procedure
2.1. Material preparation and SP treatment
(TiB + TiC)/Ti-6Al-4V (TiB:TiC = 1:1 (vol%)) were prepared by the
in-situ method [54]. The microstructure and the lattice parameters
could be found in our previous work [54–56]. The crystal structures of TiB is the orthorhombic structure with the lattice parameters of a = 0.612 nm, b = 0.306 nm, and c = 0.456 nm. The
crystal structures of TiC is cubic structure with the lattice parameters of a = 0.435 nm. The volume fraction of raw material and the
reinforcements in TMCs are shown in Table 1. The reinforcements
of TiB and TiC were obtained by the following high-temperature
chemical reactions: 5Ti + B4C = 4TiB + TiC, Ti + C = TiC. Two kinds
of TMCs with 5 vol% and 8 vol% reinforcements were obtained
(Table 1). The TMCs bar with diameter of 15 mm were obtained
by extrusion. The specimens used for SP were cut from the bar
by wire-electrode cutting with the thickness of 3 mm and the
diameter of 15 mm (Fig. 1). The SP process was carried out on
the numerically controlled SP equipment, and the SP intensity
was determined by using the arc height (mmA) of the standard
Almen strip (type A). The SP intensity in this work was 0.15
mmA. The Al2O3 ceramic shots with the average diameter of
0.30 mm were utilized as the shot materials, and the average hardness of ceramic shots was about 700 HV. The nozzle diameter was
8 mm, and the distance between the nozzle and specimen was
100 mm. The coverage rate of SP was 200% in each step according
to the calculation method in our previous work [49].

Fig. 1. Schematic of the specimen, the distribution of reinforcements along the
radial and axial directions, the surface deformation layer and the TEM observation
area after SP, (a) before SP; (b) after SP.

was set up with Bragg–Brentano optics for this study. The velocity
of scan was 3°/min and the step of scan was 0.01°. The residual
stress on the deformed layer were characterized by X-ray stress
analyzer (LXRD, Proto, Canada), using Cu-Ka radiation and Ni filter
under 30 kV and 25 mA. The residual stress were calculated by
using the sin2w method [58], the diffraction peak (hkl) of Ti
(2 1 3) was chosen during measuring and the range of tilting angles
was 0° – 45°. The a phase (hcp) was used for the residual stress
measurement. The diffraction angle of 2h = 139.69° and the stress
constant of K = -262.86 MPa were determined for the X-ray stress
E
p
measurement based on the formula of K ¼  2ð1þ
mÞ coth0 180, and the

constants of E = 110 GPa, m = 0.34 and h = 69.85°. The hardness was
measured by Vickers Hardness Tester (DHV-1000, China) using an
experimental load of 2.94 N, and five tests were performed and the
average values were calculated. For obtaining the residual stress
and hardness distributed along the depth, the surface layers were
removed layer by layer via chemical etching, and the Kroll’s solution (VHF : VHNO3 : VH2O = 7 : 12 : 31 in vol.%) was utilized for etching. Since the chemical corrosion rate was mainly related to the
corrosion time and the concentration of solution [50], the chemical
corrosion rates of Ti-6Al-4V and TMCs were about 7–10 lm/min.

2.2. Microstructure characterization and mechanical properties
evaluation
The schematic of the distribution of reinforcements along the
radial and axial directions is shown in Fig. 1. The microstructure
of corss-section has been shown and discussed in our previous
work (shown in Fig. s1 in Support Information) [57]. Two kinds
of reinforcements with different shapes were distributed uniformly in the matrix, along the radial direction, the TiB whiskers
were short fibre-shaped, while the TiC particles were equiaxed or
near equiaxed (Fig. 1(a)) [55,56]. But along the axial direction,
the TiB whiskers were arranged along the axial direction because
of the effect of hot forging during preforming (in Fig. 1(a)), and
there was no significant of the distribution of TiC [55,56]; these
results could be found in above references. Microstructure of the
deformed surface layer after SP were characterized by TEM and
high resolution TEM (HRTEM), using a JEM 2100 microscope operated at 200 kV equipped with energy dispersive spectrometer
(EDS). The schematic of the deformation layer and the TEM observation area are shown in Fig. 1(b). In consideration of the surface
roughness, the deformation layer with the thickness of 50 lm in
subsurface were chosen to prepare the TEM specimens (Fig. 1
(b)), which were twin-jet polished in a solution with 3 vol. % perchloric acid and 97 vol% alcohol at 25 °C.
The XRD patterns of all samples were obtained by Rigaku
Ultima IV X-ray diffractometer, which was operated at
40 kV/40 mA with Cu Ka radiation (k = 1.54056 Å). The system

3. Results
3.1. Surface nanocrystal layer in Ti-6Al-4 V and TMCs
The surface XRD patterns of Ti-6Al-4V and TMCs before and
after SP are shown in Fig. 2. The XRD measurment was utilized
to analyse the phases of a and b, and to characterize the full width
at half maximum (FWHM) of some peaks, which can indicate the
refinement of surface grains indirectly. Moreover, the XRD pattern
was also utilized to check whether the phase transition exist, or
some broken shots remained on the surface. According to this
XRD, the diffraction peaks of Ti and reinforcements are shown
and indexed, and there is no other phase generated or remained
on the surface after SP. Moreover, the diffraction peaks of peened
specimen become wider due to the refined domain size. In TMCs,

Table 1
The raw material composition and the reinforcements in TMCs.
Materials

Ti-6Al-4 V
5% (TiB+TiC)/Ti-6Al-4V
8% (TiB+TiC)/Ti-6Al-4V

Raw materials (wt.%)

Reinforcements (vol.%)

AlV

Al

B4C

C

Ti

TiB+TiC

8
7.75
7.45

2
1.89
1.79

0
0.62
0.992

0
0.4
0.64

Balance
Balance
Balance

0
5
8

3
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the diffraction peaks of Ti, TiB and TiC can be found obviously, and
the locations of Ti diffraction in the matrix of 5% (TiB + TiC)/Ti-6Al4V and 8% (TiB + TiC)/Ti-6Al-4V are same as those in Ti-6Al-4V. The
intensities of some peaks increase because of the influence of SP on
the preferred orientation. Before SP, the material shows a preferred
orientation of (1 0 1) plane, so the diffraction intensity of (1 0 1) is
larger than other peaks. After SP, the preferred orientation is changed and the intensities of other peaks increase, especially the
(0 0 2) diffraction peak. The variation trend of three main peaks
((1 0 0), (0 0 2) and (1 0 1)) in TMCs are consistent with those of
Ti-6Al-4V, and the width of peaks are increased after SP, which
are ascribed to the refined grain size on surface. The detailed characterization and discussion will be conducted as follows.
Under SP, the deformation and strain are introduced on the surface of Ti-6Al-4V, as such, the grains are refined and the dislocation
density increases. Fig. 3(a) shows that the nanograins are evenly
distributed, and the diffraction rings in the selected area electron
diffraction (SAED) of Ti-6Al-4V also verifies the existence of nanograins. Similar results were reported in Ref. [59]. Fig. 3(b) indicates
the HRTEM image, and there are the lattice distortion and some
amorphous regions around the nanograins, which are caused by
the impact of shots on grains, resulting in the plastic deformation
under SP. Moreover, the atom arrangement at the grain boundary
is distorted. After SP, the amorphous structures are introduced in
some regions where the deformation is more severe. Some high
resolution TEM images of shot peened Ti-6Al-4V have been shown

Fig. 2. XRD patterns of Ti-6Al-4V and TMCs before and after SP (SP intensity: 0.15
mmA).

Fig. 3. TEM and HRTEM images of nanograins in the surface of Ti-6Al-4V and (TiB+TiC)/Ti-6Al-4V after SP: (a) the Ti-6Al-4V nanograins; (b) the nanograins in HRTEM and the
amorphous region; (c) and (e), the nanograins in the matrix of 5% and 8% (TiB+TiC)/Ti-6Al-4V; (d) and (f), the deformation of nanaograins. The insets in (a), (c) and (e) show
the SAED of Ti-6Al-4V.
4
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dominant compared to the influence of reinforcements’ volume
fraction. The HRTEM image of nanograins in Fig. 3(f) indicates that
the lattice distortion is apparent, which is similar as that in 5%
(TiB + TiC)/Ti-6Al-4V.
Fig. 4 indicates the microstructure of TiB and the surrounding
nanograins in the matrix of 5% (TiB + TiC)/Ti-6Al-4V. A clear interface between TiB and matrix is shown in Fig. 4(a), and the nanograins exist, only a few dislocations are introduced near the edge
of TiB. The SAED pattern of TiB is shown in Fig. 4(b). The magnified interfaces shown in Fig. 4(c) and (d) indicate that most area
of interfaces are undamaged. A few dislocations are observed,
and some smaller nanograins (40–50 nm) are formed near the
interface (in Fig. 4(c)) compared to those in Fig. 3(c). However,
some dislocations are formed at the corner of TiB during SP (in
Fig. 4(e)), which results in the widening of interface to 25–
30 nm and the deformation of interface area. The smaller nanograins (40–50 nm) and the dislocations near the interface are
caused by the squeeze of matrix to TiB during SP [60,62,63]. The
magnified TiB/matrix interface also indicates that severe lattice
distortion and dislocations at the interface are formed (in Fig. 4
(f)). The matrix near the edge of TiB is deformed more severely
under the dual effects of SP and the hindering of TiB, and the
refinement of grains is more evident near the interface. The above
results indicate that many nanograins are introduced in the
matrix, and there is no obvious breakage and cracking in TiB
because the SP intensity is 0.15 mmA. Above results reveal that
the SP intensity of 0.15 mmA is appropriate for 5% (TiB + TiC)/T
i-6Al-4V.

in Fig. s2 (in Support Information) for the amorphous regions. The
disorder atomic arrangement are shown in Fig. s2. From the TEM
images, it can be found that the amorphous regions are very small.
The atomic arrangements in the amorphous area are disordered,
and the deformation is mainly caused by the impact force of shots
during SP. Based on Fig. 3(a) and (b), the range of nanograin size is
10–20 nm. The microstructure of matrix in 5% (TiB+TiC)/Ti-6Al-4V
after SP is indicated in Fig. 3(c). A large number of nanograins are
introduced, and the range of nanograin size is 30–70 nm, which is
larger than that in shot peened Ti-6Al-4V. The grains are equivalent to ellipses or circles according to the varition of atom arrangement, and the boundaries of nanograins can be observed based on
the magnified TEM images. The area of ellipses can be equivalent to
the area of circles. The nanograin size can be determined as the
diameter of circles estimately. Fig. 3(d) and (f) show the HRTEM
of nanograins in composites. Compared with Ti-6Al-4V, the lattice
distortion are found in the nanograins, but the deformation of
nanograins are weakened, because the existence of reinforcements
can simultaneously hinder the movement of dislocations and
reduce the deformation of matrix [60,61]. The microstructures of
reinforcements and matrix in 8% (TiB+TiC)/Ti-6Al-4V are shown
in Fig. 3(e) and (f). There are many nanograins in the matrix with
the size from 20 to 90 nm, which is also larger than that in Ti6Al-4V, because the existence of reinforcements impede the large
deformation of the surface [61]. The nanograin sizes in 8%
(TiB + TiC)/Ti-6Al-4V are similar as those in 5% (TiB + TiC)/Ti-6Al4V. Because of the constant SP intensity and the small difference
in the volume fraction of reinforcements, the effect of SP is

Fig. 4. TEM and HRTEM images of nanograins, TiB and TiB/matrix interface in 5% (TiB+TiC)/Ti-6Al-4V: (a) the morphology of TiB; (b) the SAED pattern; (c) the intact
TiB/matrix interface and nanograins around; (d) the interface and dislocations; (e) the widened interface and nanograins around; (f) the HRTEM of deformed interface.
5
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Fig. 5. TEM images of nanograins, TiC and TiC/matrix interface in 5% (TiB+TiC)/Ti-6Al-4V after SP: (a) the morphology of TiC; (b) the SAED pattern; (c) the TiC/matrix interface,
nanograins and dislocations near the interface; (d) the magnified interface.

some areas and some possible morie fringes are generated because
of the difference phases between TiC and matrix.
Fig. 6(a)–(c) show the microstructure of TiB/matrix interface
and the corners of TiB in 8% (TiB+TiC)/Ti-6Al-4V. As seen from
the morphology of TiB corner (Fig. 6(b) and (c)), the clear lattice
but no deformation of TiB corner can be observed. The microstructure of TiC, nanograins and TiC/matrix interface are indicated in
Fig. 6(d) and (e). Some dislocations and microcracks are formed
around TiC, especially at the TiC/matrix interface. The magnified
TiC/matrix interface in Fig. 6(e) shows the dislocation walls and

The microstructure of TiC and the nanograins near the interface
in 5% (TiB + TiC)/Ti-6Al-4V are indicated in Fig. 5. The morphology
of TiC, and a number of nanograins and dislocations are formed
around TiC in Fig. 5(a) and (c). The SAED pattern of TiC is shown
in Fig. 5(b). Fig. 5(c) indicates the microstructure of TiC/matrix
interface, there are more deformation around the interface compared to TiB, which is verified by the widened interface as 40 –
50 nm. The average nanograin size (~ 40 nm) in the matrix around
TiC is similar to that around TiB. The HRTEM image of TiC/matrix
interface (Fig. 5(d)) shows that the lattice distortion is formed in

Fig. 6. TEM images of reinforcements and matrix in 8%(TiB+TiC)/Ti-6Al-4V: (a) TiB and nanograins; (b) and (c), HRTEM of TiB/matrix interfaces; (d) TiC, microcracks and
dislocations; (e) the dislocations and nanograins near the TiC/matrix interface.
6
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interface. Below the widened interface, the intact TiB is free of dislocation and defect, while above the widened interface, there are a
large number of smaller nanograins (< 10 nm), which are smaller
than that in Fig. 4(c) and (e) in 5% (TiB + TiC)/Ti-6Al-4V and are
ascribed to the severe deformation of interface. The potential reason is that the increased volume fraction of reinforcements results
in the reduction of the average distance between two reinforcements, which causes the deformation of matrix near reinforcements more severe under squeezing. Moreover, the twinning and
faults of TiB are introduced by SP (in Fig. 7(d) and (e)). The HRTEM
results indicate that there are continuous twinning and faults near
the boundary of TiB, but no apparent dislocations and defects are
observed in the middle of TiB (in Fig. 7(d) and (e)). Fig. 7(f) shows
the microstructure of TiB/matrix interface. The faults, the
deformed interface, the lattice distortion and the nanograins are
found near the interface. The squeezing between matrix and interface during SP leads to the interface deformation and lattice
distortion.

the nanograins near the interface. Compared with TiB, the deformation of TiC is more severe, which is related to the distribution
of reinforcements and the impact direction of shots. The impact
direction of shots is along the axial direction (Fig. 1) during SP,
the shape of TiB is short fibrous but that of TiC is spherical or
equiaxed. Therfore, the average impact area between shots and
TiC is larger than that of TiB, resulting in the deflection of TiB
and the smaller deformation. Moreover, the impact direction of
shots is perpendicular to TiC, and the equiaxial TiC could obtain
more kinetic energy from the shots. Consequently, more dislocations and defects are blocked at the TiC/matrix interface. Because
of the higher volume fraction of reinforcements in 8% (TiB + TiC)/
Ti-6Al-4V, the average distance between two reinforcements
decreases, which results the matrix near reinforcements be easy
to deform under squeezing by both shots and reinforcements.
The closer to the reinforcements, the smaller the nanograin size,
and the more severe deformation in the matrix.
The microstructures of TiB in 8% (TiB + TiC)/Ti-6Al-4V are displayed in Fig. 7 (a) at low magnification. The intact TiB/matrix
interface and the pileup of nanograins near the interface at high
magnification are presented in Fig. 7(b). There is no dislocation
and defect could be observed in TiB, but the smaller nangrains
are introduced near the interface. Besides, the widened TiB/matrix
interface (~10 nm) can be observed in Fig. 7(c), which may be
caused by that, the matrix at the interface is severely deformed
to form amorphous and a few dislocations in the widened

(b)

TiB

3.2. Distribution of CRS and hardness
After SP under 0.15 mmA, the distribution of CRS and hardness
along the depth are shown in Fig. 8. As shown in Fig. 8(a), the CRS
on surface are 374 MPa, 434 MPa and 490 MPa for Ti-6Al-4V,
5% (TiB + TiC)/Ti-6Al-4V, and 8% (TiB + TiC)/Ti-6Al-4V, respectively,
and the maximum CRS are 445 MPa, 525 MPa and 595 MPa

(a)

TiB

(d)

(c)

Nanograins

(b)

(e)
TiB

TiB

Nanograins

(c)

(f)
Nanograins
Deformed
interface

TiB

TiB

Lattice
distortion

Fig. 7. TEM images of nanograins, TiB, TiB/matrix interface and defects in 8% (TiB+TiC)/Ti-6Al-4V after SP: (a) the morphology of TiB; (b) the intact TiB/matrix interface and
the nanograins; (c) the widened TiB/matrix interface and the smaller nanograins around; (d) and (e), the fault and twinning in TiB; (f) the lattice distortion, deformed
interface and fault near TiB/matrix interface.
7

Y. Wen, Y. Wu, L. Hua et al.

Materials & Design 206 (2021) 109760

for Ti-6Al-4V, 5% (TiB + TiC)/Ti-6Al-4V, and 8% (TiB + TiC)/Ti-6Al4V, respectively. The variation of CRS is ascribed to the effect of
SP and the distribution of reinforcements at different depths. During SP, the plastic deformation is apt to generate in matrix; however, the existence of reinforcements can restrict the deformation
of TMCs, which can promote the CRS in the top surface layer (0–
25 lm) and the subsurface layer (25–125 lm). In the deep surface
layer (125–300 lm), the dislocation density is lower than that in
the top surface layer [50,64], and the blockage effect of reinforcements on the deformation is not apparent, which results in the
higher CRS in Ti-6Al-4 V than that in TMCs. After SP, the deformation of near surface layer is more severe than the deep surface
layer, so the reinforcements’ resistance to the near surface layers’
deformation is feeble and the high CRS are introduced finally.
However, at the deep surface layer, the effect of reinforcements’
resistance shows obviously. Consequently, the decrease rates of
CRS in TMC are faster than the matrix’s. As seen from Fig. 8(b),
the hardness displays significant increment in the surface layer
after SP. The surface average hardness reaches 474 HV, 512 HV
and 575 HV for Ti-6Al-4V, 5% (TiB + TiC)/Ti-6Al-4V, 8%
(TiB + TiC)/Ti-6Al-4V respectively, which are exceeding 50% higher
than the hardness of Ti-6Al-4V before SP (~ 310 HV). The CRS are
introduced by the deformation of matrix and reinforcements after
SP, and the increase in hardness is owing to the formation of nanograins and the high dislocation density.

Residual stress (MPa)

0

4. Discussion
Based on above characterization and analysis, the schematics of
microstructure variation before and after SP are shown in Fig. 9,
including the deformation of reinforcements and matrix, and the
nanocrystal layer. As shown in Fig. 9(a), the nanocrystal layer is
formed on the surface of Ti-6Al-4V after SP, and the size of nanograins increases gradually from the top surface (10–20 nm) to
the subsurface (> 100 nm), because the top surface is substantially
influenced by SP while the deep layer is less affected by SP and
with less deformation [65,66]. The closer to the top surface, more
severe the deformation of surface layer. Furthermore, the local
amorphous region near the top surface is formed due to the severe
deformation on the top surface under SP. Fig. 9(b) shows the
nanograin distribution and the deformation of reinforcements after
SP in 5% (TiB + TiC)/Ti-6Al-4V. Under the same SP intensity, the
nanocrystal and deformation layer is also formed in the surface
layer; however, the thickness of deformation layer (~ 250 nm) is
smaller than that in the peened Ti-6Al-4V (~ 300 nm), and the size
of nanograins (30–70 nm) is larger than that in the peened Ti-6Al4V. Besides, the reinforcements in the surface layer are deformed
and the deformation of TiC is more severe than that of TiB, as indicated by the dotted line in Fig. 9(b), which is due to the different
shapes and distribution of reinforcements, as well as the impact
direction of shots during SP. Fig. 9(c) shows the schematic of nanograins and the deformation of reinforcements after SP in 8% (TiB +
TiC)/Ti-6Al-4V. The nanograins are also introduced and the size
(20–90 nm) is close to that of peened 5% (TiB + TiC)/Ti-6Al-4V.
However, the deformation of reinforcements become more severe,
and the smaller nanograins (<10 nm) are formed near the reinforcement/matrix interface (in Fig. 9(c)), because the distance
between two reinforcements is reduced with the increase in volume fraction of reinforcements, thereby resulting in severe deformation between matrix and reinforcements. As such, the smaller
nanograins are introduced near the interface. Based on the references [67,68], the gradient structure with the refined grains and
the dislocation density could improve the mechanical properties
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Fig. 9. Schematics of microstructure variation before and after SP: (a) the formation
of nanograins in Ti-6Al-4V; (b) the deformation of reinforcements and matrix in 5%
(TiB+TiC)/Ti-6Al-4V; (c) the deformation of reinforcements and matrix in 8% (TiB
+TiC)/Ti-6Al-4V.

Fig. 8. The distribution of CRS and hardness along the depth from the top surface
under the SP intensity of 0.15 mmA: (a) CRS; (b) hardness.
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(CTXZ2017-05), Overseas Expertise Introduction Project for Discipline Innovation (B17034) and Innovative Research Team Development Program of Ministry of Education of China (IRT_17R83).

of metals, which can be concluded from the results of CRS and
hardness. Summary, under the SP intensity of 0.15 mmA, the
nanocrystal and deformation layer were formed in the surface
layer, resulting in the improvement of CRS and surface hardness,
which could be beneficial for modifing the mechanical performances of shot peened TMCs.

Appendix A. Supplementary material

5. Conclusions

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.matdes.2021.109760.

The surface microstructure and mechanical properties of shot
peened layer in (TiB+TiC)/Ti-6Al-4V were characterized and analyzed in detail. Some important results have been obtained.
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